Golgi cisternae are the casein submicelles in lactating into 300 nm rigid, rod-like triple helices in the lumen of mammary gland cells, PC aggregates in embryonic fithe endoplasmic reticulum. This oligomeric complex broblasts, large proteinaceous membrane thickenings moves to the Golgi and forms large electron-dense in urothelial cells, and scales in scale-covered algae aggregates. We have monitored the transport of PC (see Mironov et al., 1997). These cargoes are much too along the secretory pathway. We show that PC moves large to be packaged into transport vesicles. However, across the Golgi stacks without ever leaving the lumen as mentioned above and discussed recently, these obof the Golgi cisternae. During transport from the endoservations do not provide direct and sufficient proof plasmic reticulum to the Golgi, PC is found within tubuof the maturation mechanism (Schekman and Mellman, lar-saccular structures greater than 300 nm in length. 
The main requirement to test the maturation model is

Structure and Localization of PC in the Secretory Pathway of ET Fibroblasts that the cargo being transported by cisternal maturation
The ultrastructure of the Golgi complex of PC-secreting should possess a specific set of features: it should be odontoblasts, osteoblasts, and tendon fibroblasts has of a size markedly larger than that of transport vesicles; been thoroughly described before (Trelstad and Hait should have a molecular structure that precludes disyashi, 1979; Leblond, 1989). Its unique characteristic is assembly into smaller components that may be packaged the presence of expanded distensions continuous with into vesicles; it should be suitable for immunoelectron Golgi cisternae, approximately 350 nm long and 150 nm microscopy studies, as well as for biochemical quantitathick, containing aggregates of laterally aligned PC triple tion of release; and it should be readily visualizable by helices. ET fibroblasts from chicken are a good model electron microscopy. Finally, the movement of this cargo system for our study because they are efficient producdown the secretory system should be amenable to syners and secretors of PC (Trelstad and Hayashi, 1979) chronization, much in the same way as transport of the and can be isolated in large numbers in culture (Kao et temperature-sensitive VSV-G protein is synchronized al., 1977). When separated from tendon and kept in 1% using temperature shifts (Bergmann, 1989). We have adult bovine serum on a fibronectin-coated support, searched for a suitable cargo and found that, among chick ET fibroblasts preserved a normal morphology the known secretory supramolecular complexes, PC fits (see Trelstad and Hayashi, 1979; Leblond, 1989 ) and a the above requirements.
high rate of collagen secretion for up to 18 hr. DistenWe have monitored the transport of supramolecular sions averaged 319 (Ϯ 67) nm in length and 172 (Ϯ 55) aggregates of PC along the secretory pathway in embrynm in thickness. Their number varied from zero to four onic tendon (ET) fibroblasts. Immunoelectron microsper stack. They had unique features in distinct cisternae: copy of serial sections of these cells reveals that upon in cis cisternae, distensions were spherical or ovoid, arriving in the first cisternae of the Golgi stacks, the PC and their lumen showed a loose filamentous pattern aggregates remain confined in the lumen of the cisterwith little evidence of the aggregated form; in medial nae. By following a synchronous wave of this migration, cisternae, they were more cylindrical and exhibited a we find that PC aggregates move in the cis-trans direcstructured pattern with more densely packed parallel tion without ever entering conventional small vesicles threads; in trans cisternae, the packing was comparaor larger dissociative elements. These findings imply that tively more dense. Figure 1A shows an example of a intracellular transport of PC occurs by cisternal matustack with at least four distensions exhibiting increasing ration.
packing density, presumably in the cis-trans direction. The Ͼ300 nm long body with striations perpendicular to its long axis is an immature secretory granule. GranResults ules are known to mediate the transport of PC to the plasma membrane (Trelstad and Hayashi, 1979; Leblond, Background 1989 ). An example of a stack with one distension, a PC is a long (300 nm), rod-like (1.5 nm diameter) protein more common observation, is shown in Figure 1B . composed of three chains dominated by stretches of The distribution of PC along the secretory pathway 1000 amino acids rich in proline and hydroxyproline was examined with two monoclonal antibodies (MAbs): (Bachinger et al., 1993). In the ER, these chains are the first [hCL(I)] recognizes only the helical portion of packed into an uninterrupted triple helix that is stabilized PC (Ohtani et al., 1992) and therefore only binds to the by hydrogen bonds between all the residues in the protein in the folded state; the second (SP1.D8) is dichains. This results in a 300 nm long, rigid, rod-like rected against the N-terminal propeptide and recogstructure (Brodsky and Ramshaw, 1997). Two globular nizes both the folded and the unfolded forms of PC propeptides situated at both the C-and N-terminal ends (Foellmer et al., 1983) . Figure 1C shows that distensions serve to align the chains in register for proper folding were intensely labeled by hCL(I). All the distensions were and are cleaved after secretion (Bachinger et al., 1993).
labeled by this antibody. No PC labeling was observed The folding of the PC triple helix requires the hydroxylaoutside the distensions, namely in the flat regions of the tion of specific prolines by prolyl hydroxylase because Golgi cisternae. This indicates that all PC helices in the hydroxyproline is essential in creating the stabilizing Golgi are assembled into aggregates in the distensions. hydrogen bonds. If prolyl hydroxylase is inhibited, PC The only other cellular structures labeled by hCL(I) were does not fold and is retained in the ER (Beck et al.,
VTCs located very close to, or in continuity with, the ER 1996); however, PC refolds rapidly and exits the ER upon (see Figures 5G-5K) . Thus, the great majority of the reactivation of prolyl hydroxylase (Sarras et al., 1991) .
immunoreactive folded PC was in Golgi distensions. The Thus, by inhibiting and reactivating prolyl hydroxylase, other antibody (SP1.D8) confirmed the labeling pattern the transport of PC through the secretory pathway can obtained with hCL(I) and, in addition to Golgi distensions be synchronized. Once inside the Golgi complex, PC and VTCs, recognized numerous regions of the ER prehelices align side by side into large aggregates that sumably containing unfolded PC being processed for appear as electron-dense material in micrographs (Trelexport ( Figure 1D ). stad and Hayashi, 1979; Leblond, 1989). We have used As mentioned above, one of the objections to the these properties of PC in combination with specific antimaturation model is that cisternae containing supramobodies to monitor the transport of synchronized waves lecular complexes might be part of an extended TGN of PC along the secretory pathway by electron mirather than medial and trans-Golgi compartments (Farquhar case of PC-secreting cells, however, the presence of PC aggregates move anterogradely through the Golgi stacks, the aggregates should disappear first from cis distensions at all levels of the Golgi stacks has been cisternae and subsequently from medial and trans cisestablished unequivocally (see Trelstad and Hayashi, ternae, with a time course reflecting their rate of trans-1979; Leblond, 1989) and is confirmed in Figures 1, 2 , port across the Golgi stacks. This should generate the and 5. Nevertheless, to further address this concern, we impression of a secretory wave leaving the organelle determined whether some of the aggregate-including ("exiting wave"). The second protocol was to first inhibit distensions contain mannosidase II (manII), a well-char-PC folding for a period sufficient to accumulate the proacterized medial Golgi enzyme (Rabouille et al., 1995) . tein in the ER and empty the Golgi complex of aggreThis experiment was carried out in rat tendon fibroblasts gates, then release the folding block and, as the large because the available anti-manII antibodies do not recamount of PC trapped in the ER gets folded and exognize the avian protein. The Golgi complexes of rat ported, observe PC aggregates as they reappear first and chick tendon fibroblasts are very similar; in particuin the cis and then in the more distal Golgi cisternae lar, the frequency and distribution of the aggregates ("incoming wave" protocol). were nearly indistinguishable between the two species An important requirement of this assay is that the (not shown). Figure 1E shows that an antibody against polarity of Golgi stacks must be determined in order to manII intensely labeled some of the distensions, in addiassess the direction of this progression of aggregates. tion to the flat portions, of some cisternae. Thus, it is This was achieved in two ways. The routine approach clear that PC aggregates reside not only in the TGN, was to use structural criteria, such as the presence of but also in earlier Golgi compartments.
clathrin buds on the trans side of the Golgi stacks (see Experimental Procedures). This required the use of serial PC Aggregates Are Transported sectioning, since the polarity-defining features were ofacross the Golgi Stacks ten absent in individual sections of a stack. In such To rule out the possibility that PC aggregates in Golgi cases, consecutive images were analyzed in serial secdistensions are stationary agglomerates of this protein, tions until the polarity-defining features were found and and to measure the intra-Golgi transit rate of the aggrethe orientation of the stack could be established (an gates, we sought to synchronize the exit of PC from the example is shown in Figures 5A-5F ). Stacks whose po-ER and then visualize the movement of the aggregates larity could not be assessed unambiguously (Ͻ20%) across the stacks. As mentioned above, this can be were excluded from the experiment. An additional adachieved by exploiting the fact that PC folding in the vantage of the serial sectioning approach was that the ER requires proline hydroxylation. The prolyl hydroxyposition of each PC aggregate (peripheral or central) in lase can be selectively and reversibly inhibited by a the cisterna could be determined. The second approach class of iron chelators whose prototype is 2, 2Ј-dipyridyl was to use ultrathin cryosections double immunogold (DPD); moreover, the folding inhibition is potentiated by labeled for PC and clathrin, a reliable trans-Golgi marker. The behavior of PC in DPD-treated ET fibroblasts was examined first by immunofluorescence (Figures 2a-2f) . the arrival of new PC from the ER is blocked, and if Figure 2E ). The cells, however, remained viable and showed no signs of general toxicity for up to 1 hr to 32ЊC. The t 1⁄2 for acquisition of endoH resistance by the VSV-G protein was used as an index of transport of in DPD.
In the complementary approach ("incoming wave"), the protein to the medial Golgi (Bergmann, 1989). This t 1⁄2 was found to be 15 min (Ϯ 2) in control cells, 16 min ET fibroblasts were treated with DPD for 60 min. This incubation time is sufficient to empty the Golgi complex (Ϯ 5.5) in the presence of DPD applied simultaneously with the temperature shift to 32ЊC ("exiting wave" protoof PC and load the ER with the unfolded protein (see Figures 2D and 2E) . DPD was then washed away, col), and 15 min (Ϯ 4) in cells exposed to DPD for 1 hr and washed free of this agent just before the temperaascorbic acid added to the cells to facilitate PC refolding, and the reappearance of PC aggregates in the ture shift ("incoming wave" protocol). Thus, DPD does not affect the general traffic machinery. This agrees with Golgi followed by electron microscopy. Folded PC reappeared first in VTCs. VTCs did not label for PC immediprevious evidence that DPD does not affect the secretion of laminin (Kim and Peterkofsky, 1997). Therefore, ately, but 5 min after DPD washout, they exhibited staining of their central tubular parts (not shown). By contrast, the rates of intra-Golgi transport of PC as measured here reflect the physiological PC transport. the surrounding round profiles (identifiable as vesicles in serial sections) remained unlabeled. Thus, these VTCs
In conclusion, these findings demonstrate that PC aggregates move across the Golgi in the cis-trans direcwere very similar to those seen in untreated cells. By 10 min after DPD washout, cisternal distensions containing tion and that the PC intra-Golgi transport takes approximately 20 min. PC were detected in the cis-Golgi cisternae and then, successively, in the medial and trans cisternae ( Figures  2F-2H ). This is consistent with the progression of the The Transport of PC Aggregates along the Secretory newly formed aggregates through the Golgi stacks in Pathway Accounts for PC Secretion the cis-trans direction. A morphometric assessment of To determine whether the movement of PC aggregates the time course of reappearance of PC aggregates at along the secretory pathway accounts for the rate of PC different levels of the Golgi stacks is shown in Figure  secretion , we used the "exiting wave" and the "incoming 4B. The t 1⁄2 was 13 min for the cis cisternae and 35 min wave" DPD-based protocols in experiments of PC refor the trans cisternae. This time course is very similar lease. In the first protocol, cells were treated with DPD, to the time of clearance of PC in the "exiting wave" and the time course of PC release was examined. The experiments. The intra-Golgi transit time of PC aggrerationale of this experiment is that if the progression of gates, calculated as the difference between the t 1⁄2 val-PC aggregates is the main means of PC transport, PC ues of PC reappearance in the cis and the trans cisterrelease should continue for some time after the DPDnae, was 22 min (again, similar to the value found using mediated folding block. In fact, it should continue prethe "exiting wave" protocol). Interestingly, by 60 min cisely for the time required for the aggregates present in after DPD washout, the number of PC aggregates in the the Golgi prior to the block to pass through the secretory Golgi was 42% higher than in the control cells ( Figure  pathway and be secreted. After this time, PC release 4B). This should be due to PC overload in the ER during should fall to low levels, concomitant with the disappearthe folding block, resulting in a higher than normal input ance of the aggregates. The time lag before secretion of this protein into the Golgi once the block is released.
is inhibited can be calculated: as shown earlier (Figure The "incoming wave" experiment was then repeated 4A), PC aggregates begin to disappear from the trans using the cryoimmunogold labeling approach. PC was cisternae approximately 25 min after the folding inhibilabeled with the SP1.D8 antibody, and Golgi polarity tion. In addition, the transport time of PC from the TGN was determined by labeling the trans end of the stacks to the plasma membrane is approximately 5 min, as with an anti-clathrin antibody. As expected, after 60 min indicated by experiments of PC release after accumulaof DPD-induced block, the ER was heavily labeled for tion of the protein in the TGN at 20ЊC (not shown). There-PC ( Figure 3A) . Most Golgi stacks were depleted of label fore, PC release should begin to fall approximately 30 (not shown). When the block was released for 15 min, min after the application of DPD. Figure 4C shows that, PC-containing distensions appeared in cis but not trans indeed, PC release proceeded nearly unperturbed for cisternae ( Figure 3B) . A semiquantitative analysis (Table  30 min after the DPD-induced folding block and then 1) showed that 88% of the labeling occurred on the cis gradually decreased to a low plateau. side of the stack. Sixty minutes after DPD washout, the The complementary "incoming wave" experiment is ER was almost devoid of PC ( Figure 3C) . Moreover, PC shown in Figure 4D . Unfolded PC was accumulated in aggregates had repopulated all the levels of the stack the ER for 60 min in the presence of DPD, and then the and were most numerous in the trans cisternae ( Figures  3D-3F and Table 1 ). Occasionally, distensions contained folding block was removed. According to the logic just described for the "exiting wave" experiment, PC secrefuse with the successive cisterna in the stack. If this occurred, there should be free unattached distensions tion should remain low or undetectable for about 30 min, the time needed for PC aggregates to traverse in the act of moving from one cisterna to another. Additionally, the free distensions should arise through the the secretory pathway (see Figure 4B ). Then it should increase rapidly. Figure 4D shows that PC release, inprotrusion of the aggregate and the formation of membranous necks connecting distension and cisterna. This deed, resumed 30 min after the removal of DPD. Moreover, 45 min after DPD washout, the PC release rate neck should then undergo fission, thus releasing the distended membrane containing the PC aggregate. became higher than in control cells, presumably reflecting the fact that the large amounts of protein accuTwo, aggregates disassemble into smaller units (PC helices). The units are incorporated into elongated transport mulated in the ER during the DPD-induced block must now be discharged. This is in excellent agreement with carriers (at least 300-400 nm long). These carriers then fuse with the successive cisterna, where the PC helices the morphometric measurements of the number of PC aggregates in Golgi stacks (see Figure 4B) . Altogether, reassemble into aggregated forms. To test these two hypothetical schemes, we carried these data provide strong evidence that the intracellular transport of PC aggregates is the sole mechanism for PC transport and secretion. containing distensions detach from donor cisternae and cisterna. Twenty-eight percent of the aggregates were located in the cisternal core. A minor fraction (2%) of the aggregates protruded moderately from the rims of cisternae. Images suggesting budding/fission of a PC aggregate (for instance, an aggregate protruding by the majority of its length, a narrowing neck between a cisterna and a protruding aggregate, or an aggregate disconnected from the cisternae) were not found in greater than 600 distensions observed. All aggregates were always clearly embedded within cisternae. Figures 5A-5F show an example of serial sections of a PC aggregatecontaining cisterna. Figures 6A and 6B show the threedimensional reconstruction of the same cisterna based on manual tracing of the cisternal contours. The second type of hypothetical Golgi transport carriers are Ͼ300 nm long tubules. They should be relatively straight, adjacent to Golgi stacks, and should contain PC helices. In addition, there should be elongated buds with similar characteristics. We define these structures as Golgi transport tubules. They were searched for first in cells immunolabeled for PC, using the same samples The majority of the PC aggregates (70%) were located The only compelling interpretation of the experiments of synchronization of PC export from the ER is that, when near the rims of cisternae but did not protrude from the cated near the center of the cisternae move through the Golgi at the same rate as peripheral ones makes such to fold in the ER (Beck et al., 1996), yet they are too long to enter the COPII-coated vesicles involved in exa possibility even more implausible. The other hypothetical carrier, the transport tubule, is excluded based on port from this organelle. A possibility is that PC might exit the ER inside tubules elongating directly from the ER two independent lines of evidence. First, Golgi transport tubules were never observed; however, 30 tubular porsurface. As has been previously noted, carrier structures might have sufficient flexibility in their forming machintions of VTCs immunolabeled for PC were found per cell. It is therefore very unlikely that Golgi transport tubules, if ery to adapt to unusually large cargoes (Schekman and Mellman, 1997). Alternatively, PC might be exported they are transport intermediates, should not be detected, especially considering that such tubules should from the ER via conventional transport vesicles. However, to fit into such vesicles, PC should be in a partially transport across each pair of successive cisternae the same amount of cargo that is transferred from the ER unfolded state. This dilemma remains to be resolved in further studies. to the Golgi by the VTCs. This becomes even more unlikely considering that 30 complete Golgi complexes Finally, while our data implicate the cisternal maturation mechanism in the transport of supramolecular agwere analyzed by serial sectioning in our search for transport tubules. In contrast, roundish buds and vesigregates, they also raise the possibility that such a mechanism might play a role in all cell types. The obsercles were a common observation, but they never labeled for PC. Second, if tubules containing PC helices funcvation of Presley et al. (1997) that VTCs move en bloc to the Golgi complex is in line with this notion. Additional tioned as carriers, it should be assumed that helices disassemble from aggregates in a cisterna and move, approaches will be required in the future to test the generality of the maturational mode of traffic. A strong one by one, to the successive cisterna. This mechanism predicts that, in the presence of a folding block, if helices possibility is that cisternal maturation may coexist with other intra-Golgi traffic mechanisms, such as anteromove out of a given aggregate without being replaced from the proximal cisterna, the size of the aggregate grade carrier vesicles (see Rothman and Wieland, 1996) . In any case, the molecular mechanisms of cisternal matshould gradually decrease. However, this was not the case: the block of PC folding and export from the ER uration, primarily those sustaining the retrograde transport of Golgi enzymes, should now be worked out. caused a reduction in the number of aggregates in a cis-trans sequence but not in their size, which remained remarkably constant throughout the process of exit of 
